INTRODUCTION
Coral bleaching, defined as the loss of zooxanthellae or photosynthetic pigments by reef-building corals, has increased dramatically in frequency, extent and geographic distribution during the past two decades (e.g. Glynn 1984; Goreau and Hayes 1994; Hoegh-Guldberg 1999) . There have been reports of more than 60 major bleaching events over a wide geographical range since 1979 compared to only three reported prior to 1979 (Glynn 1993) . During the 1980s, coral bleaching was reported at 51 sites representing nearly all of the world's major reef regions (Williams and Bunkley-Williams 1990; Glynn 1991) . In the 1990s, there have been reports of mass coral bleaching at more than 55 sites (Glynn 1996 and references therein). Wilkinson et al. (1999) reported massive coral mortality on the reefs of Sri Lanka, Maldives, India, Kenya, Tanzania and Seychelles in 1998, with mortality rates as high as 90% in many shallow areas. On the other hand, reefs of a large area of the Southern Indian Ocean are reported to have undergone less severe bleaching, with coral mortality of approximately 50% reported for certain localised areas (Wilkinson et al. 1999) . However the data in this paper are mainly anecdotal. Quantitative surveys of four sites in Southern Seychelles showed that bleaching impacts were severe at three of the sites sampled whereby more than 80% of corals bleached or died as a result of bleaching (Spencer et al. 2000) . Similarly, most natural reefs of the Maldives sustained a 95% decrease in live coral cover (Edwards et al. 2001) . McClanahan et al. (2001) surveyed the Kenyan reefs before and after the 1998 bleaching event and found that the cover of nine species of hard corals decreased by more than 85% with a subsequent increase in fleshy algal cover. It has been suggested that such increases in the incidence and geographic extent of bleaching indicate that global climate change, greenhouse warming or El Nino Southern Oscillation (ENSO) cycles may be involved and that irreversible damage may occur to the world's coral reefs in the next few decades (Glynn 1996; Hoegh-Guldberg 1999) .
The increasing incidence of large-scale disturbances have led to concern amongst some members of reef researchers regarding the ability of coral reefs to recover between bleaching events and to maintain their biological diversity (e.g. Hoegh-Guldberg 1999) . Several national and international forums (e.g. International Coral Reef Society, International Coral Reef Initiative) have included sessions to discuss the implications of such disturbances for coral reefs in their latest meetings. In this context, accurate data on the frequency and severity of bleaching from a wide range of geographic locations is imperative. Although reports of bleaching have become a common feature lately due to increased access to the Internet, many bleaching reports provide only qualitative information and differ in levels of accuracy (wilkinson et al. 1999) , reflecting the lack of standardisation in the methodology used to assess bleaching events.
Prior to 1998, bleaching events in Mauritius have received little attention and have only been reported anecdotally (e.g. Fagoonee et al. 1999) . However some preliminary studies were conducted during the 1998 bleaching episode around Mauritius (Turner 1999) and in the marine parks (Goorah et al. 1998 ) but the event has not been quantified rigorously.
In this study, we describe and quantify the 1998 bleaching event at eight sites in Mauritius in terms of severity and extent, relative susceptibility to bleaching between Acropora and nonAcropora corals and recovery of affected corals in the two months following the bleaching event.
METHODS

Study sites
Coral bleaching was first observed during routine surveys conducted at Flic en Flac and Bambous Virieux on 13th and 19th February 1998 respectively (Fig.l) . Surveys at the onset of bleaching were delayed due to unfavourable sea conditions caused by a system of low pressure within the region (Mauritius Meteorological Services 1998). The first survey (2nd March 1998-10th March 1998) was planned as a quick response to register the event and included four sites, Flic en Flac, Albion, Trou aux Biches and Anse La Raie. During a second survey, 13th April to 5th May 1998, sampling was undertaken at 5 sites namely Albion, Ile aux Benitiers, Grand River South East, Le Bouchon and Bel Ombre. These sites were included to assess the bleaching event over a wider area and to describe and quantify the susceptibility of Acropora and nonAcropora corals to bleaching. A third survey was carried out at Albion and Trou aux Biches on 12th May and 15th May 1998 respectively to assess qualitatively recovery of tagged coral colonies.
Survey methods
During bleaching surveys, coral colonies were ascribed to three categories, unbleached (UB), partially bleached (PB) and completely bleached (B). Unbleached corals were those with no whitened tissue and were of normal coloration. Corals were considered partially bleached if they had both normal and white tissues (without any pigment coloration). Completely bleached corals included both those with no coloration and those which were uniformly pale compared to corals with normal coloration.
Thirty six replicate quadrats (1 X 1 m) were randomly placed in each of the two habitats, the reef flat (1-2m) and the reef slope (4-6m), at the four sites sampled (Flic en Flac, Albion, Trou aux Biches and Anse la Raie). Within each quadrat, visual estimates of live coral cover, percentages of unbleached, partially bleached and completely bleached corals were noted.
During the second survey, the line intercept transect method was used at five sites (Albion, Grand River South East, Le Bouchon, Bel Ombre and Ile aux Benitiers) for a more precise estimate of the percentage cover of Acropora and nonAcropora corals and to record extent of bleaching of all coral colonies within the transect lines. Six replicate 20 m line transects were placed haphazardly across both the reef flat and reef slope, parallel to the shore (English et al. 1990 ). The appearance of each live coral beneath the tape was classified as unbleached, partially bleached, completely bleached. Each live coral colony observed was categorised as Acropora and non-Acropora. Both habitats were surveyed at all five study sites with the exception of the reef slope of Le Bouchon and Bel Ombre. These two sites are usually inaccessible due to consistently rough sea conditions prevailing year round.
Furthermore, to determine which coral species was affected by the bleaching event, a quick visual assessment of the species affected by the bleaching disturbance and the degree to which they bleached, was also undertaken within all habitats and sites surveyed through first and second surveys. In addition, partially bleached and completely bleached colonies were tagged at random with embossed tapes and were photographed at Albion (6 colonies) and TAB (10 colonies) in March 1998 (first survey). These individually marked colonies were resurveyed in April (third survey) to visually assess the fate of the bleached colonies.
Statistical analysis
Data on bleaching response, being percentages, were arc-sin transformed (aresin ). The data were then verified for homogeneity of variances and normality by Bartlett's and KolmogorovSmirnov test for goodness of fit before the ANOVA analysis. When significant differences were detected, a post hoc test (Fisher's protected least significant difference) was used to determine which of the two groupings were significantly different. For comparison of bleaching between Acropora and non-Acropora corals within each habitat, a two way ANOVA was used after the statistical assumptions were checked by Bartlett's and Kolmogorov-Smirnov tests. All values have been expressed as the means ± the standard error.
RESULTS
Extent of bleaching island-wide
In the first survey, the percentage of unbleached coral on the reef flats ranged from 27-87% and on the reef slopes from 70-84% (Fig.2) . The percentage of completely bleached coral ranged from 5-9% at the reef flats and 2-5% at the reef slopes.
The percentage of completely bleached coral did not differ significantly at either the reef flat (d.f.=3, a=0.05, F=1.54, p=0.21) or reef slope habitats (d.f.=3, a=0.05 F=1.65, p=0.18).
During the second survey, percentage of unbleached coral on the reef flat varied from 0% (Ile aux Benitiers) to 93% (Grand River South East) and on the reef slope from 51% (Ile aux Benitiers) to 67% (Albion) (Fig.3) . The majority of corals were partially bleached at both habitats of Ile aux Benitiers whereas most of the corals were unbleached on the reef flat of Grand River South East. The percentage of completely bleached coral ranged from 0-39% on the reef flats and from 2-6% on the reef slopes of the sites sampled.
The percentages of completely bleached corals Susceptibility of Acropora and non Acropora to bleaching. The Acropora corals were highly susceptible to bleaching at most of the reef flats except that of Grand River South East where Acropora and non-Acropora corals were hardly affected. For example, the reef flat of Albion, Le Bouchon and Bel Ombre had 14.5 ± 7.3 %, 39 ± 4.3 % and 21.4 ± 12.4 % of unbleached Acropora and 95.9 ± 2.6 %, 66.4 ± 15.3 % and 76.3 ± 16.7 % of unbleached non-Acropora corals respectively (Fig.4) . At Ile aux Benitiers, all Acropora corals were partially bleached at the time of survey. With the exception of Grand River South East, where most of the corals were not bleached, and Ile aux Benitiers, where all corals were bleached, there was a significant difference in the percentage of unbleached Acropora versus non-Acropora corals at the reef flats of Albion, Le Bouchon and Bel Ombre.
There was a striking difference in the effect of bleaching on Acropora corals of the reef slopes versus reef flats. For example, Albion, Grand River South East and Ile aux Benitiers had 80.2 ± 2.3 %, 40.7 ± 6.8 % and 40.5 ± 4.6 % of unbleached Acropora and 32.5 ± 6.7 %, 16.2 ± 5.0 % and 20.5 ± 4.6 % of unbleached non-Acropora respectively (Fig.5 ). There was a significant difference in percentage of unbleached Acropora and unbleached non-Acropora corals on the reef slopes.
Species-specific susceptibility to bleaching: Qualitative comparisons At all locations, branching and tabular Acropora were the most severely affected species on the reef flat, the most susceptible species being A. pulchra, A. humilis, A. tenuis, A. abrotanoides, A. muricata, A. intermedia, A. nasuta, A. hyacinthus and A. cytherea. On the reef slope, the most affected species were Porites lutea, P. lobata, Platygyra daedalea, Favia stelligera, Leptoria phrygia, Pocillopora damicornis, P. eydouxi, P. verrucosa and encrusting Montipora spp. Porites lobata and P. lutea were the worst affected among the massive corals. Overall, the relative order of susceptibility was Acropora spp.> encrusting Montipora spp.> Pocillopora spp.> Porites spp.> Favites spp. (Table 1) . Furthermore, it was observed that while colonies of some species such as Montipora spp. and Acropora pulchra were bleached, nearby members of the same species remained unaffected. Most species of corals, independent of growth form, showed more pronounced bleaching on their upper surfaces. Most massive corals on the reef slope such as Porites lobata, P. lutea, Favia stelligera and Gardineroseris planulata had their upper surfaces discoloured whereas their sides and under surfaces were of normal colour. However, there were small colonies of massive Porites spp. and encrusting Montipora spp. that were completely bleached. Branching corals on the reef flat such Error bars indicate standard errors. Some species were also observed to be partly or completely bleached at certain locations whereas they remained unaffected at others. For example, colonies of Acropora abrotanoides were bleached on the reef slope of Trou aux Biches and unaffected on the reef slope of Anse La Raie. Porites lobata and P. lutea were affected by bleaching at most sites, except at Le Bouchon, where they sustained only slight bleaching.
During the second survey at Albion (13/4198), four of the six tagged colonies of Porites lobata and P. lutea were partially bleached and the other two were partially bleached with part of the colonies covered with algal turf. It appears that the area that was partially bleached during the first survey had succumbed to algal overgrowth and the freshly bleached area was still alive.
A third survey of the same site at Albion on 1215/98 (nearly 3 months after the onset of bleaching) showed two of the six tagged massive Porites lutea and P. lobata had only a very small fraction of tissue left on the skeleton; the rest had been colonised by polychaetes and algae. One of the other colonies had completely recovered and three were in the process of recovering. In addition, survey of the slope of Trou aux Biches in the third survey (1515198) showed that the three tagged massive Porites spp. were recuperating from the bleaching. Colonies of other tagged species could not be located DISCUSSION This study adds Mauritius to the number of sites experiencing bleaching in 1998 (e.g. Wilkinson et al. 1999) . Bleaching was widespread on the reefs of Mauritius, with partial and completely bleached coral occurring at all locations and sites visited. The incidence of bleaching continued between March and April although its impact was variable at various sites. Similar spatial variation in bleaching has been reported by Marshall and Baird (2000) , who suggested that such variation was due to assemblage composition and thermal acclimation.
At Le Bouchon, the corals were most severely affected (39% completely bleached). This may be due to their exposure to harsh environmental conditions (sediment in suspension, retention of warm water over long periods) because of reduced circulation in the lagoon (personal observation). Hence exposure to additional stress resulting to changes in environmental conditions (e.g. temperature, salinity) could have caused the corals to bleach more extensively at this site. Furthermore, it has been suggested that corals, which do not fully recover in seasonal summer reductions in tissue biomass and algal densities may be weakened if exposed to the Fitt et al. 2001 ). However, some authors have concluded that corals exposed to fluctuating environment are less likely to succumb to bleaching stress Baird 2000 Brown et al. 2000) . More research is needed to understand acclimation and adaptation of corals to changes in environmental parameters such as light and temperature.
Water temperature data obtained from satellite imagery from 1995 to 1998 around Mauritius show a positive anomaly of approximately 1 °C during the summer months in 1998 (Fig.6) .
The coincidence of the bleaching event with the warmest sea water temperature recorded since 1995 is consistent with other observations that link coral bleaching to an increase in SST temperature (e.g. Glynn and D'Croz 1990) . It was also noted that corals were bleached during the summer period when seawater temperatures were maintained above normal averages but recovered when temperatures decreased. A small increase of 0.5-1.5°C in sea surface temperature (SST) over 5 weeks or more has been known to induce bleaching in tropical and subtropical corals (Jokiel and Coles 1977 , 1990 Williams and Bunkley-Williams 1990 Glynn 1993 . In addition, various field studies have shown that temperature exceeding normal summer maximum by 4°C or more produce massive bleaching followed by very high mortality (Coles et al., 1976 Glynn 1984 , the corals usually recovering with a subsequent drop in temperature Jokiel 1978 Jaap 1979; Lasker et al. 1984) . The small increase of 1°C in SST recorded over several weeks in Mauritius may have resulted in only a mild bleaching event. This does not preclude the fact that water temperature may have acted in concordance with other factors such as solar radiation and decreased salinity. In fact, according to the Mauritius Meteorological services, the duration of sunshine was above the mean over the whole island during March 1998 and Mauritius had abundant rainfall during February 1998. Similar climatic conditions were experienced in the central section of the Great Barrier Reef in 1998 and it is believed that bleaching of the inshore and some offshore reefs in the central Great Barrier Reef was due mainly to an increase in SST and solar radiation, exacerbated by lowered salinity (Berkelmans and Oliver 1999) . A synergy of similar factors might have been responsible for widespread bleaching of the Mauritian reefs. However, the Great Barrier Reef had a greater SST anomaly (Berkelmans and Oliver 1999) , which might explain the greater severity of bleaching on the Great Barrier Reef as compared to the relatively mild bleaching on the Mauritian's reefs. Another explanation for the relatively mild bleaching in Mauritius could be related to the topography of the area as the island does not have a continental shelf per se, hence resulting in high water flow. In fact Nakamura and van Woesik (2001) experimentally showed that Acropora digitifera had high survivorship when subjected to high SSTs and high water flow.
The entire island received abundant rainfall during the month of February 1998, following the passage of tropical cyclone Anacelle which subsequently brought a low-pressure system to the region (Mauritius Metereological Services, pers. comm.). The whole island received more than a twofold increase in seasonal average rainfall during the second half of February. The above normal rainfall could have caused a decrease in salinity and an increase in run-offs from the mainland. The combined effects of those factors might have been responsible for the widespread bleaching in Mauritius.
The Acropora corals were more susceptible to bleaching than non-Acropora corals on the reef flats at most sites except that of Grand River South East. Shallow reef flats, covered predominantly by branching and tabular Acropora corals are known to respond faster and more severely to bleaching stress than other coral species (Glynn 1990 Brown and Suharsono 1990 Williams and Bunkley-Williams 1990 Gleason 1993 Baird and Marshall 1998 . In fact inter specific variability in susceptibility to bleaching has been attributed to species-specific differences in metabolic rates, those with the highest rate of metabolism being the most susceptible (Glynn 1996) . In addition, Loya et al. (2001) found that finely branched corals with thinner tissues were more susceptible to bleaching than massive and encrusting corals with thicker tissues.
Interestingly, at Grand River South East, Acropora and non-Acropora corals were hardly affected. However, it has been suggested that the susceptibility of shallow corals to bleaching is not consistent between habitats and sites (Williams and Bunkley-Williams 1990) and that the observed variability of corals in thermal response may be partly due to adaptations of corals to local thermal regimes (Glynn 1984 Marshall and . Alternatively, since the reef flat is relatively far from the shore at Grand River South East (3 kilometres), the corals might have been under less stress from anthropogenic disturbances and runoffs following the heavy rains of February 1998.
The striking difference in the effect of bleaching on Acropora corals of the reef slope in comparison to reef flat's Acropora corals may be explained by the morphological differences in the Acropora assemblages of the reef slope. In fact, corals with a digitate morphology such as Acropora humilis, A. tenuis and A. abrotanoides were the most dominant Acropora species on the reef slope as compared to the reef flats which were mostly dominated by fast growing branching and tabular corals. Therefore, this inter-specific difference in morphological characteristics may have been the cause for the low impact of bleaching on the reef slope Acropora corals.
The bleaching patterns observed within species (e.g. Montipora spp., Acropora pulchra) have also been reported for other areas (Glynn 1990 Jokiel and Coles 1990 Brown and Suharsono 1990 . Such bleaching patterns may be due to genetic variation in sensitivity from either the coral host or the symbiotic algae (Jokiel and Coles 1990; Rowan and Powers 1991) . Many small colonies of massive Porites spp. and encrusting Mont4wra spp. were observed completely bleached as compared to larger colonies of the same species. This is most probably due to the fact that small colonies are more susceptible to external disturbances (e.g. predation, storms and diseases) because of their small size (Jackson and Coates 1986) .
Although most bleached corals on the Mauritian reefs did not sustain high mortality and the majority recovered, the corals may have sustained sublethal impacts. Experimental and field studies of natural bleaching events have shown that corals sustain reduced skeletal growth (Goreau and Macfarlane 1990; Szmant and Gassman 1990) and reduced reproductive output in the season following bleaching (Szmant and Gassman 1990; Michalek-Wagner and Willis 2001; Baird and Marshall in press) . Even if bleaching was mild in Mauritius, the corals could have sustained small sublethal impact in their reproductive output (Hughes et al. 2000) . This could cause a severe reduction in coral recruitment and eventually impact on adult abundances. This will be determined by our on going studies on coral recruitment and long term monitoring of the reefs.
